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Abstract

In the fast-paced semiconductor industry, time to market means everything.

Accommodating the shortened design cycles, however, is hampered by the ever-increasing design

complexity. In addition, the continual drive to achieve higher performance (speed, area, power)

has fueled the introduction of new manufacturing processes. Existing integrated circuit design

methodologies, such as standard-cells designs are failing to cope with these conflicting

requirements at a cost that is supported by ASIC product volumes. This report introduces a new

regular logic fabric, Via Programmable Gate Arrays (VPGAs). By employing a regular structure,

the design cycles can be greatly reduced. Moreover, as the technology dimensions continue

scaling downward, the product yield at the ramp-up becomes a function of systematic faults. In

order to meet the market demands, the new designs will have to focus on the Manufacturability in

addition to the performance specifications. This report presents an overview and design

corrections for the common failure mechanisms in modem Cu Integrated Circuit processes.

Furthermore, an implementation of the CLB with a manufacturability focus is described.
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1. Introduction

The semiconductor industry has seen an exploding growth over the last decade, as the

demand for smaller and smarter devices been increasing. The observation made by Gordon

Moore in 1965 predicted exponential growth in the number of transistors on an IC [ 1]. "Moore’s

Law", as it came to be known, has become a self-fulfilling prophecy as the industry continued to

race with the introduction of new technologies. Stringent market conditions, decreasing feature

sizes, and the sheer number of devices that need to be packed onto a single IC has created an

array of unresolved issues. While the answers are not all clear, it is apparent that in order to

successfully cope with these arising problems, a different way of thinking and new methodologies

must evolve.

The driving force behind the fast paced semiconductor industry is the shortened product

lives and small product windows. As can be seen from Figure 1 it took approximately twelve

years to sell one million television sets, while taking only three days to sell the same number of

PlayStation-2 game consoles (PS-2). The gruesome market conditions reduce product’s time 

[pc

3 D~4OMontl~ 3Years 5 Years 12 Y~rs

Figure 1: Shrinking Product Windows [2]
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market, therefore requiring a shorter design cycles. In turn, a short design cycle means less time

for design verifications, and very little chance for design iterations. The possibility of something

going wrong continues to increase as the design complexity grows. In fact, currently half of

current VLSI IC designs require at least two silicon runs before arriving at a functional circuit [2].

However, if the trend pictured in Figure 1 is to continue, the reduction in time to market will

require functioning silicon after a single manufacturing run.

The short time to market is also changing the trends in introduction of new IC fabrication

technologies. In the past, the process ramp-up was separated from the volume product

manufacturing. Thus, volume production would begin only after the majority of process kinks

have been resolved. Since the systematic faults have been resolved, the yield of the product was

limited to random defects due to contamination particles. However, the market conditions

required to meet the demand depicted in Figure 1 do no allow the same luxury. To ensure the

product window will not be missed, the volume production of the product must start while the

process is still in the infancy stage. In addition, the shrinking dimensions and new materials in the

future technology nodes require higher manufacturing efficiency and tighter tolerances [2]. While

the process ramp-up must happen quickly to achieve acceptable yields, the manufacturing

realities expected in the future process makes this step costly and difficult. Yet the yield governs

the ability to meet the product demand, as well as establish the profit margins.

The current market conditions desire high performance ICs with short time to market, fast

and cheap development cycles, and high product yields. However, the current design

methodologies are not able to offer all of the needed benefits. The sections which follow will

present the design methodologies currently employed in the industry (ASIC and FPGA, and

eASIC). A new design methodology which fills the gap between ASICs and FPGAs, is

introduced which stresses more regularity and structure like an FPGA, but targets performance

and area/power of an ASIC. Finally, the remainder of this report focuses on layout optimizations
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to cope with yield loss observed in world-class semiconductor manufacturing processes by

presenting the implementation details of the new design methodology.

1.1 Application Specific ICs

During the early stages of VLSI design, the design methodology was moving towards

designing IC for a particular application instead of using standard parts for final assembly [3].

However, with the exploding increase in circuit and process complexity, and thus the design and

manufacturing cost, few products have sufficient volume to justify the time commitment and cost

of fully custom circuit design [3]. Today’s ASIC designs may contain tens of million transistors,

and include embedded SRAMs, IP cores, as well as custom glue logic. In order to keep the design

complexity manageable, a semi-custom design methodology based on standard cells has emerged.

Currently, the standard-cell application specific integrated circuits (ASICs) represent the most

common VLSI IC design methodology.

The standard cell ASIC methodology is based on the ability to generate a library of logic-

gate cells. The library may contain several hundred physical implementations of cells, such as

logic gates with various numbers of inputs, flip-flops, and latches. In addition, the library

generally contains cells with various performance, power, and area tradeoffs. The regularity of

standard cell designs is achieved by requiring a standard "cell height" for all the cells in the

library. The resulting library is characterized for various parameters, such as timing, power, area,

etc, to be used in the standard-cell ASIC design flow. The design flow begins with a high-level

synthesizable description using any of the available hardware description languages (e.g. Verilog

or VHDL). The design is then synthesized, and mapped onto the library developed earlier. An

array of various other tools is needed to place and route the design, as well as run the needed

verification steps. This just describes an overview of the flow and hides numerous details that

make this an expensive and time-consuming process.



The standard-cell ASIC design flow has been successful for many years because of the

ability to optimize it for performance, power, or area. However, the increased design complexity

and new challenges encountered during manufacturing are increasing the cost associated with this

methodology. For example, numerous re-spin cycles may be required to obtain a functional

circuit. As the mask costs continue to increase (reaching millions of dollars for current

technology nodes) and time to market continues to decrease, the re-spin cycles become

prohibitively expensive in both time and price [4]. In addition, current market conditions may

require an existing design to be manufactured at a newer technology node (for improved

performance), or at a different fab (to increase capacity). However, the existing ASIC designs

cannot be easily retargeted for a different fab or the future technology node. In fact, such a

change may require a complete redesign, and would only be available to products with the highest

volumes.

The existing ASIC methodology offered numerous benefits in the previous years. The

industry has long enjoyed the low cost of ASIC designs. Such costs far outweighed the

development cost for high volume products. In the future, however, the costs associated with

ASIC designs will become less affordable. In order to keep new technologies affordable, more

regular design methodologies must be used [4].

1.2 Field Programmable Gate Arrays

As mentioned in the previous section, the non-recoverable engineering (NRE) costs of 

ASIC methodology are unattractive for low volume products. For such products field

programmable gate array offer a significant cost advantage [4]. The FPGA architecture is

characterized by low upfront costs, since the costs associated with the design and manufacturing

of the FPGA can be amortized over numerous products [3]. In addition, the FPGA offers fast time

to market, and due to its field programmability, practically free re-spin cycles. The fast time to
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market is achieved through highly regular structure, which simplifies clock and power

distribution [5]. Moreover, unlike an ASIC, an FPGA has the ability for any signal to become

observable, which can facilitate product debugging. In fact, this makes FPGA platform optimal

for initial product development. Furthermore, the FPGA designs can be easily ported from one

technology to another, requiring only a simple re-synthesis step to retarget the design to a newer

(or even different) family of FPGAs. It should be noted that 100% yields could be achieved for

FPGA products, something that is unheard of in the ASIC designs. This is due to the re-

programmability of the device, allowing the damaged sections of the FPGA to be avoided during

programming. However, the benefits of the architecture come with significant penalties [4].

The field programmability in an FPGA is achieved through the usage of SRAM cells in

programmable logic blocks and interconnects. The additional SRAM cells waste valuable silicon

resources, thereby responsible for up to ten-fold circuit area increase as compared to an ASIC

design [3]. In addition, since the delay through the circuit is governed by wire delay, the usage of

programmable interconnect can substantially affect the wiring delays [3] [5]. Consequently, the

numerous advantages offered by the FPGA cannot be used by designs requiring high

performance, small footprints, and low power consumption.

1.3 eASIC

It is apparent that there is a wide design space gap between the ASIC and FPGA

methodologies [4][6]. One of the commercial design methodologies, which attempt to fill void, is

the technology from eASIC. Just like an FPGA, eASIC is regular structure consisting of field

programmable logic blocks. Given that the major performance penalties in the FPGA were

attributed to field programmable interconnect, eASIC eliminated the field programmability;

instead, the interconnect of the resulting fabric is mask programmable using metal and via masks.

The eASIC fabric offers performance, area, and power comparable to an ASIC design [6]. At the
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same time, the design can take advantage of the benefits of FPGA methodology, such as regular

clock trees and power grid. The design methodology claims that re-programmable logic can be

used for logic edits and debugging [6]. However, the extent of logic corrections is significantly

limited by the fixed interconnects. Additionally, debugging of the design is restricted by the mask

customization as some nets become unobservable.

1.4 Via Programmable Gate Arrays

The via programmable gate array fabric [3][4], just like eASIC, fills the void between the

ASIC and FPGA methodologies. The goal of the proposed fabric is to combine the favorable

features of the ASIC and FPGA methodologies. As noted previously, architecture regularity

becomes a requirement as the complexity of the design increases. In addition, the new

architecture must have performance and per part cost comparable to an ASIC design, while

having short design cycles, low design costs, and high yields analogous with FPGA architectures.

The VPGA architecture employs regularity in customizable logic blocks as well as the

interconnect. The extreme regularity of the fabric will improve the manufacturability and

Connection m/e Con~ection not made

zon

Figure 2: Programmability of VPGA [8]

Un~d~erlayed Si ’ con

predictability of the design [3][4][5]. The customization of the logic blocks, as well as the

interconnect is performed by customization of vias instead of SRAM controlled pass gates. If a
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connection is needed between two interconnect levels, the via mask layer would contain a hole in

the chrome for the location of the via, resulting in metallization pictured on the left of Figure 2.

However, if a connection is not required, the chrome on the via mask will be present. Thus, the

location would be filled with the dielectric, resulting in picture on the right of Figure 2.

Given that SRAM controlled pass gates have been replaced with vias, the performance

penalty due to the interconnect should be comparable to that of an ASIC design. In addition, just

like the interconnect, the logic blocks of the VPGA are configured using a via mask. Thus, the

area of VPGA cell would be significantly lower than a comparable eASIC or FPGA cell. One of

the other immense benefits of VPGA architecture is the ability to keep low design costs (NRE

costs). This is possible because the design methodology requires only small number of masks,

specifically via masks, for application-specific customization, in contrast to a standard cell ASIC

which requires a full set of masks (ranging between 26 and 32 different masks).

1.4.1 Configurable Logic Block

The configurable logic block (CLB) is the building block of the VPGA fabric. This block

contains a via programmable look-up table (LUT), a scan chain D flip flop, NAND gates, and

inverter/buffer pairs. As can be noticed from the contents of the CLB, the VPGA architecture has

adopted a heterogeneous logic block. The studies of heterogeneous CLBs have shown a

significant speed improvement, as the synthesis tool is able to swap in the faster NAND for the

LUTs [7]. In addition, the structure and the size of the LUT have to be properly selected for

superior performance and efficient utilization of silicon area. Further discussion on the selection

of LUT topologies and sizes used in the VPGA architecture can be found in [5] and [8].

1.4.2 Routing Architecture

Since the interconnect contributes the most to the delay in current semiconductor

processes, efficient routing architecture must be used in the VPGA. Primarily, there are two
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choices for the interconnect: crossbar and switchbox routing. The precise choice of the routing

architecture is beyond the scope of this report, and is addressed in [5]. In fact, both routing

approaches may be needed in the final VPGA methodology. The crossbar and switchbox

structures are shown in Figure 3 and Figure 4, respectively. Each structure offers its benefits and

drawbacks. For example, the crossbar structure allows for complete interconnectivity between

any numbers of tracks, while the switchbox structure is limited in the number of tracks that can be

connected. On the other hand, the crossbar tracks are often made longer than required,

introducing extra capacitance, and thus delay into the circuit.

Figure 3: Close-up of crossbar routing structure

Figure 4: Close-up of switchbox routing structure
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1.4 Goal

This report presents the physical implementation of the configurable logic block (CLB) 

a commercial 0.13#m Cu process. Furthermore, the physical implementation focuses on

manufacturability of the CLB, and suggests design optimizations needed to achieve a higher

yielding circuit (in terms of all of the layers up to metal 2). The next section focuses on the flow

that can be used to analyze yield losses in the deep sub-micron processes. Section 3 describes

design optimizations for most common yield loss mechanisms in the modern commercial

processes. Finally, Section 4 presents the optimized CLB for the VPGA architecture, and

conclusions and future work are discussed in Section 5.
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2. Manufacturability

As the devices continue to scale down into sub-100nm dimensions in order to keep pace

with the Moore’s Law, the difficulties in the future technology nodes are becoming surreal. For

example, the optical lithography is being pushed to its fundamental resolution limit, requiring

numerous resolution enhancement techniques (RETs) to achieve adequate pattern fidelity [9].

Therefore, radical changes will be required in the design methodology to keep up with new

manufacturing realities.

The yield loss mechanisms in an IC can be placed into one of three categories: process

related yield losses, systematic effects, and random defects [ 10]. Misprocessing, such as some

kind of equipment malfunction, causes the process-related yield losses. The systematic effects are

due alignment or printability problems, while the random defects are caused by foreign particles

I00o/o -
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70% - --B-- Tradit ion al defect-I im it ed yield

~ Feature-limited yield
60%

0.8pm O~Spm 0.35 prn 0,25 pm 0.18 IJm 0.13 pm 0.1pm

T echnol ogy Node

Note" Feeture-li ml:ed yteld esa umes t he feeture ~ailure ra~ Im/:r o~s by approximate~y SO% eech

Figure 5: Changing trends in deep sub-micron (DSM) technology [2]

and contamination of the wafer. In earlier technology nodes, yield loss was a simple function of

the defect density and the die area, thus random defects were the dominant yield loss mechanism
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